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Abstract
The fluid induced rotordynamic forces acting on a whirling space turbopump composed 

by an inducer and a radial impeller have been compared to the same forces measured on 
each single component of the turbomachine (i.e. on the inducer and on the radial impeller). 
The experimental campaign has been carried out in cold water at design and off- design 
conditions (80%, 100% and 120% of the design flow rate) both in non-cavitating and 
cavitating regimes. The paper illustrates the different trends of the rotordynamic forces on 
the axial and radial pumps and highlights their contributions on the overall turbomachine. 
At positive whirl ratios, the behavior of the inducer is dominant while, at negative ones, both 
the pumps show the same trends in such a way that the overall behavior is roughly the sum 
of each single component. 
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1. INTRODUCTION 
The recent interest in low cost access to space 

focuses on the development of innovative yet 
implementable, affordable and financially sustainable 
solutions enabling the delivery of nano- and micro- 
satellites to Low Earth Orbit (LEO). 

To face this new challenge, chemical rocket 
propulsion and its derivative concepts will continue to 
play a central role, being the only viable technology 
capable of generating the relatively high levels of 
thrusts necessary for launch and most primary 
propulsion purposes in a large number of space 
missions. 

In the development of small launchers powered by 
liquid rocket engines, the significant reduction of cost 
is currently pursued by a modular and clustering 
approach together with the reduction of complexity 
such as the introduction of electric motors powered by 
batteries for the actuation of the turbopumps [1]. 

However, propellant feed turbopumps are still an 
essential component of all primary propulsion 
concepts powered by Liquid Propellant Rocket 
Engines (LPREs). They typically comprise an axial 
pump (the inducer) and a radial pump (the radial 
impeller). 

Rotordynamic forces, together with the flow 
instabilities possibly triggered by the occurrence of 
cavitation, are one of the universally recognized and 
most dangerous sources of vibrations in 
turbomachines [2,3,4,5]. These forces can affect the 
impeller itself, and all the components of the machine 
[6]. 

Even if steady and rotordynamic forces acting on 

centrifugal pump impellers [4,7,8,9] and axial inducers 
[2,3,5,10,11,12] have already been extensively 
studied, the identification of their contributions on the 
rotordynamic fluid forces acting on the overall 
turbopump has not yet been investigated in great 
detail. 

The present paper experimentally investigates the 
typical trends in the rotordynamic forces on a 
turbopump having a three bladed inducer and an 
unshrouded six bladed centrifugal pump by 
comparing them to the experimental results obtained 
on each single component of the machine, such as 
the inducer and the radial impeller. 

The experimental test campaign has been carried 
out at the Cavitating Pump Rotordynamic Test Facility 
(CPRTF, see [13] for further information) at SITAEL 
(formerly ALTA). This closed loop test rig is 
specifically intended for the analysis of steady and 
unsteady fluid forces and moments acting on the 
impeller as a consequence of its whirl motion under 
cavitating or fully-wetted flow conditions, with special 
emphasis on the onset and development of lateral 
rotordynamic instabilities. The rotordynamic forces 
have been assessed at discrete values of the whirl 
ratio with the procedure proposed at Caltech [3,4,7] 
and with a special procedure, recently developed and 
validated at ALTA S.p.A. [11], that allows for 
measuring the continuous spectrum of rotordynamic 
forces as functions of the whirl-to-rotational speed 
ratio [11,14]. 

2. EXPERIMENTAL APPARATUS
The experimental activity reported in the present 

paper has been carried out in SITAEL’s Cavitating 
Pump Rotordynamic Test Facility (CPRTF), illustrated 
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in Fig. 1 and specifically designed for characterizing 
the performance of cavitating and/or non-cavitating 
turbopumps in a wide variety of alternative 
configurations: axial, radial or mixed flow, with or 
without an inducer [13]. The facility exploits water as 
working fluid at temperatures up to 90 °C and is 
intended as a flexible apparatus readily adaptable to 
conduct experimental investigations on virtually any 
kind of fluid dynamic phenomena relevant to high 
performance turbopumps [13]. The pump housing and 
the inlet section can be easily adapted to host full-
scale machines and inducers with different sizes and 
geometries used in space applications. 

 
Fig. 1: The CPRTF lay-out in SITAEL S.p.A. 

In its rotordynamic configuration, the facility 
instrumentation (transducers, optical devices, etc.) 
allows for the measurement of: 

1. the pump inlet static pressure, 𝑝1 (cavitating 
regime, 𝜎) 

2. the pump total pressure rise, Δ𝑝𝑡 (head 
coefficient, Ψ) 

3. the volumetric flow rate on the discharge line, �̇� 
(flow coefficient, Φ) 

4. the fluid temperature inside the main tank 
5. the absolute angular position of the driving shaft 
6. the absolute angular position of the eccentric 

shaft which generates the whirl motion 
7. the forces acting on the impeller 
The eccentricity generation is realized by means 

of a two-shaft mechanism. The shafts are assembled 
one inside the other by means of a double eccentric 
mount and their eccentricity can be finely adjusted 
from 0 to 2 mm before each test by changing the 
relative angular position of the double eccentric 
mount. The whirl motion is generated by a brushless 
motor driving the external shaft, while the impeller 
rotation is imparted by connecting the internal shaft to 
the main motor by means of an isokinetic joint. 

The forces and moments acting on the impeller are 
measured by means of a squirrel-cage rotating 
dynamometer connecting the shaft to the impeller in 
the test section. The rotating dynamometer is 
manufactured in one piece of phase hardening steel 
AISI 630 H1025 and consists of two flanges 
connected by four square cross-section posts acting 

as flexible elements. The deformation of the posts is 
sensed by 40 semiconductor strain gauges arranged 
in 10 full Wheatstone bridges, which provide 
redundant measurements of the forces and moments 
acting on the impeller. The outputs of the Wheatstone 
bridges are routed out from the rotating force balance 
through a slip ring assembly. Each bridge is 
temperature self-compensated, with separate bipolar 
excitation and read-out for better reduction of cross-
talking. The sizing of the sensing posts is the result of 
a trade-off between sensibility and structural 
resistance, operational stability and position control 
(stiffness). The measurement errors of the 
dynamometer in the rotating frame (𝑧 is the rotating 
axis direction) are reported in Table 1. 
Table 1: Maximum measurement errors given by the 

rotating dynamometer. 

Component Maximum Error 
𝐹𝑥 ±1.4 𝑁 
𝐹𝑦 ±1.1 𝑁 
𝐹𝑧 ±4.2 𝑁 

The rotating dynamometer is placed between the 
impeller and the driving shaft, thus the impeller is 
suspended. In order to reduce cantilever effects on 
the impeller shaft, the impeller has been recessed 
with respect to the optical access at the test section 
inlet. In this configuration, the impeller blades are 
contained within the “inlet duct”. A nominal clearance 
of 2 mm has been selected in order to accommodate 
sufficiently large whirl eccentricities for generating 
measurable rotordynamic forces without excessively 
increasing tip leakage effects. 

Three different configurations have been tested: 
an inducer (named DAPROT3), a centrifugal pump 
(named VAMPIRE), and the VAMPIRE with the 
DAPROT3 upstream (named VAMPDAP). 

 

   
DAPROT3 VAMPIRE VAMPDAP 

Fig. 2: Cut-out drawing of the Cavitating Pump 
Rotordynamic Test Facility (CPRTF). 

Test Articles 
The VAMPIRE pump, manufactured in 7075-T6 

aluminum alloy, comprises a six-bladed unshrouded 
impeller (Fig. 3), a vaneless diffuser, and a single-
spiral volute. The DAPROT3 high-head, tapered-hub, 
three-bladed inducer, is also manufactured in 7075-
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T6 aluminum alloy. The test articles, whose relevant 
geometrical and operational data are reported in 
Table 2, have been designed by means of two 
reduced order model developed at ALTA and 
described in [15,16] (inducer) and in [17,18,19] 
(centrifugal pump). The two machines operate at the 
same design flowrate allowing for coupling in the 
resulting VAMPDAP configuration. All the VAMPDAP 
dimensionless parameters (i.e. Φ, Ψ, 𝜎 in Table 2) are 
computed with the same reference quantities of the 
VAMPIRE pump. 

DAPROT3 VAMPIRE VAMPDAP
Fig. 3: Test articles. 

Table 2 VAMPIRE and DAPROT3 geometrical and 
operational relevant parameters. 

  DAPROT3 VAMPIRE 
Flow coefficient [--] Φ �̇�/𝜋Ω𝑟𝑇2

3  �̇�/Ω𝑟𝑇2
3  

Head coefficient [--] Ψ 
Δ𝑝𝑡

𝜌Ω2𝑟𝑇2
2  

Δ𝑝𝑡

𝜌Ω2𝑟𝑇2
2  

Cavitation number [--] 𝜎 
𝑝1 − 𝑝𝑣

0.5𝜌Ω2𝑟𝑇2
2  

𝑝1 − 𝑝𝑣

0.5𝜌Ω2𝑟𝑇2
2  

Axial length (fully-
developed blade) mm 𝑐𝑎 63.5 46.4 

Design rotational 
speed [rpm] Ω 1500 1500 

Design volumetric 
flowrate [l/s] �̇�𝐷 17 17 

Tip solidity [--] 𝜎𝑇 1.68 2.26 
Incidence tip angle 
@ design deg 𝛼 2.58 17.4 

Pressure rise @ 𝑐𝑙 =

2𝑚𝑚
[bar] Δ𝑝𝑡 0.21 0.8 

3. EXPERIMENTAL PROCEDURE
A circular whirl orbit has been imposed to the 

impeller in order to determine the corresponding fluid-
induced rotordynamic forces. 

The generic components of the instantaneous 
forces acting on a whirling impeller are schematically 
shown in Fig. 4. The instantaneous force vector �⃗� can 
be expressed as the sum of a steady force 𝐹0

⃗⃗ ⃗⃗  (not 
depending on the rotor eccentricity) and an unsteady 
force �⃗�𝑅 generated by the eccentricity vector 𝜀 and 
represented by means of the rotordynamic matrix 𝑨
which is generally function of the whirl speed: 

�⃗� = �⃗�0 + �⃗�𝑅 = �⃗�0 + [𝑨]𝜀 (1)

Fig. 4: Schematic representation of the rotordynamic 
forces in the laboratory and rotating reference 

frames. 
It is convenient to express the rotordynamic force 

in terms of normal and tangential forces with respect 
to the whirl orbit, respectively 𝐹𝑁 and 𝐹𝑇: 

𝐹𝑁 = �⃗�𝑅 ⋅
𝜀

|𝜀|
(2)

𝐹𝑇 = �⃗�𝑅 ⋅
Ω⃗⃗⃗ ∧ ε⃗

|Ω⃗⃗⃗ ∧ ε⃗|
(3)

Therefore, the normal force 𝐹𝑁 is assumed positive 
when in outward direction, while 𝐹𝑇 is positive if it has 
the same direction of the impeller rotational speed Ω
(Fig. 5).

It is worth noting that the data presented in this 
paper only refer to fluid forces induced by rotor 
eccentricity. The effects of gravity, buoyancy and 
centrifugal force generated by the whirl motion on the 
rotor mass, as well as the steady fluid force on the 
impeller (like those induced by azimuthal asymmetries 
of the flow), have been subtracted from the total force 
read by the dynamometer. The rotordynamic forces 
have been normalized as follows: 

𝐹𝑁
∗ =

𝐹𝑁

𝜋𝜌𝑐𝑎𝜀Ω2𝑟𝑇2
2    𝐹𝑇

∗ =
𝐹𝑇

𝜋𝜌𝑐𝑎𝜀Ω2𝑟𝑇2
2 (4)

where 𝜌 is the fluid density, 𝑐𝑎 is the axial length of the 
specific impeller blades (axial chord), 𝜀 is the radius of 
the whirl orbit (eccentricity), Ω is the inducer rotational 
speed and 𝑟𝑇2 is the test impeller outlet tip radius. The 
VAMPDAP dimensionless forces are computed as for 
the VAMPIRE pump. 

The data reduction procedure is based on the 
classical discrete approach [7] as wells as a 
continuous measurement procedure (named chirp)
illustrated in detail in a previous paper [11]. This 
method allows for obtaining a continuous spectrum of 
the rotordynamic force as a function of the whirl ratio 
from the data acquired in a single experiment 
characterized by an imposed continuous variation of 
the whirl speed. Moreover, it overcomes most of the 
frequency resolution limitations connected with the 
traditional approach, which is based on experiments 
at fixed values of the whirl speed [2,4,20]. 
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Fig. 5: Schematic of the stability regions of the rotordynamic force for positive (left) and negative (right) whirl 

ratios 

For effective rejection of the measurement noise 
in discrete tests the duration of each run must be a 
large multiple of the fundamental reference period, 
which in turn is simultaneously an integer multiple of 
both the whirl and rotational periods of the impeller. 
On the other hand, in continuous tests the whirl speed 
is varied at a slow but constant rate, while the 
rotordynamic forces are evaluated by averaging the 
measurements over a suitable time-window where the 
whirl speed can be assumed to remain nearly 
constant. Time shift of the averaging window then 
provides a virtually continuous spectrum of the 
rotordynamic force as a function of the whirl 
frequency. In this procedure the errors associated 
with the non-periodic initial/final positions of the 
rotating shafts and with the slow drift of the whirl 
frequency ratio during the acquisition time window are 
therefore neglected. Comparison with the results 
obtained using the discrete approach fully confirmed 
the validity of this assumption [14,21], greatly 
simplifying the design and execution of the 
experiments. 
Test Matrix 

An extensive experimental campaign has been 
carried out on the three pump configurations aimed at 
understanding how the rotordynamic forces are 
influenced by: 
 Flowrate (flow coefficient, Φ) 
 Cavitation regime (cavitation number, 𝜎) 

All tests have been carried out with whirl 
eccentricity 𝜀 = 1.130 ± 0.05 mm and impeller 
rotational speed Ω = 1750 rpm, which represent a 
suitable compromise between generation of 
measurable rotordynamic forces and structural 
integrity of the rotating dynamometer under the 
resulting forces on the rotor. Only sub-synchronous 
whirl ratios have been investigated, with both positive 
and negative values up to ±0.7 (𝜔/Ω =
±0.1, ±0.3, ±0.5 ± 0.7 for the discrete approach). Nine 
different combinations of flow rate and cavitating 
conditions have been considered for each test article, 
as summarized in the test matrix of Table 3. 

The flow rate effect on the rotordynamic forces has 
been studied at three flow coefficients corresponding 
respectively to 80%, 100%, and 120% of the design 
flow coefficient. It is worth noting that the actual 
volumetric flowrates are the same for the three 
configurations even if the three flow coefficients result 
unequal due to different reference parameters. Three 
(nominal) values of the cavitation number 𝜎𝑁 have 
been selected in order to obtain different cavitating 
conditions specifically for each configuration: non-
cavitating (NC), slightly cavitating (SC) and highly 
cavitating (HC). In particular, the inlet pressures for 
the VAMPDAP configuration are the same as the 
ones chosen for the DAPROT3 inducer in order to 
allow sufficient cavitation on the inducer upstream of 
the centrifugal pump. All tests have been carried out 
in water at room temperature (𝑇 ≅ 20°𝐶). 

 
Table 3: Test matrix. 

Item 𝚽 𝝈𝑵 

DAPROT3 0.052 | 0.065 | 0.078 
(0.8 Φ𝐷 | Φ𝐷  | 1.2Φ𝐷) 

0.98 | 0.14 | 0.09 
(𝑁𝐶 | 𝑆𝐶 | 𝐻𝐶) 

VAMPIRE 0.074 | 0.092 | 0.110 
(0.8 Φ𝐷 | Φ𝐷  | 1.2Φ𝐷) 

0.6 | 0.11 | 0.08 
(𝑁𝐶 | 𝑆𝐶 | 𝐻𝐶) 

VAMPDAP 0.074 | 0.092 | 0.110 
(0.8 Φ𝐷| Φ𝐷  | 1.2Φ𝐷) 

0.6 | 0.08  | 0.05 
(𝑁𝐶 | 𝑆𝐶 | 𝐻𝐶) 

4. RESULTS AND DISCUSSION 
In the following, the rotordynamic forces are 

reported in terms of their dimensionless modulus 
|𝐹𝑅

∗⃗⃗⃗⃗⃗| = √(𝐹𝑁
∗ )2 + (𝐹𝑇

∗)2 and phase angle 𝜙 as functions 
of either the whirl ratio 𝜔/Ω or the flow coefficient (Φ) 
or the cavitation number (σ), depending on which 
effect has been studied. In particular, for the tests 
performed at fixed σ and Φ the effects of the whirl ratio 
on the stability of the rotordynamic forces have been 
analyzed. In the other cases, the flowrate effects have 
been considered. The phase angle plot clearly shows 
the effects of the two components of the rotordynamic 
force (𝐹𝑁

∗  and 𝐹𝑇
∗) on the pump whirl motion by using 

different colors. The colors highlight the 

Zone III: FN Destabilizing
Zone IV: FN & FT Stabilizing

Zone I: FT Destabilizing
Zone II: FN & FT Destabilizing
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stabilizing/destabilizing region of either one or both of 
the components of the rotordynamic force. The phase 
angle is defined accordingly to Fig. 5. Only the most 
relevant results are reported for each pump according 
to the procedures already shown: the discrete tests 
results and the continuous ones are respectively 
shown by individual markers and lines. Since the 
forces are dimensionless by means of different 
geometrical parameters, their magnitudes are not 
directly comparable. 

The results of the tests at varying the whirl ratio are 
shown in Fig. 6, Fig. 7, and Fig. 8 respectively for the 
DAPROT3, the VAMPIRE and the VAMPDAP. 
Trends in the Rotordynamic Force on the 
DAPROT3 

The results shown in Fig. 6 clearly point out that 
the rotordynamic forces are not significantly affected 
by cavitation at the investigated cavitation numbers 
(all far from breakdown conditions). This is particularly 
true for the lowest flow rate tested where the curves 
are everywhere superimposed. Higher flow rates 
clearly show some departure between the curves, 
especially for the lowest σ. In all the tested conditions 
the behavior is quite similar, but not identical. At highly 
negative 𝜔/Ω the force behaves in a quadratic way. 
After reaching a minimum, the force increases and 
reaches a maximum for positive 𝜔/Ω and then 
decreases to another minimum. For increasing 
flowrates, the minima and the maxima shift from 
higher to lower whirl ratios, and the maxima tend to 
decrease in magnitude. The maximum of the 
rotordynamic force can be explained by means of a 
possible coupling between the whirl motion and the 
backflow structure, which is more relevant at lower 
flowrates and occurs because of the high clearance 
needed for the tests execution. The backflow structure 
depends on the flowrate and rotates around the 
machine with a velocity, which is a positive fraction of 
the impeller main rotational speed. Therefore, the 
reduction of the rotordynamic force maximum at flow 
rate increase can be so explained. 

In all the cases the force for very low 𝜔/Ω is 
outward with the tendency to increase the inducer 
orbit radius but with a tangential component which 
opposes to whirl motion. As the whirl ratio changes 
from negative to positive values the rotordynamic 
force direction remains unchanged, but the effect on 
the whirl motion changes. In particular, the effect 
concerns the tangential component, whereas the 
normal component is still inward and so stabilizing. As 
the 𝜔/Ω increases the behavior is different depending 
on the flow rate. At very low flow rates the effects 
concern mostly the tangential component whose 
behavior changes from stabilizing to destabilizing 
several times, whereas the normal component shows 
always an inward direction. At increasing flow 
coefficient, also the normal component is affected by 
the whirl ratio as well as by cavitation. The explanation 

of the observed behavior is not so simple. Indeed, the 
magnitude and the direction of the whirl motion affect 
the flow pressure distribution in the clearance and, in 
turn, the forces acting on the impeller. 
Trends in the Rotordynamic Force on the 
VAMPIRE 

The behavior of the VAMPIRE impeller is different 
w.r.t. the inducer especially at positive whirl ratios. 
The trend at negative 𝜔/Ω is the classical one 
characterized by a parabolic behavior which shows its 
minimum at almost the null whirl ratio. At positive 𝜔/Ω 
the trend is almost linear and no particular differences 
are visible in the magnitude of the force at varying the 
cavitation number. The trend of the VAMPIRE 
resembles the inducer at very low whirl ratios with a 
destabilizing normal component whereas the 
tangential component tends to slow down the whirl 
motion. For positive whirl ratios the behavior of the 
pump is almost the same per each flowrate: at 
increasing whirl ratios the rotordynamic force rotates 
clockwise (see Fig. 5). The rotation is more significant 
increasing both cavitation and flow rate. At the highest 
tested Φ, both the normal and tangential rotordynamic 
components are destabilizing in cavitating condition at 
high whirl ratios. Anyway, in the performed cavitation 
has not significantly affected the amplitude of the 
rotordynamic forces. 
Trends in the Rotordynamic Force on the 
VAMPDAP 

The behavior of the overall pump (Fig. 8) is 
different to the one recorded for the inducer and pump 
alone, even if some trends are similar to those 
observed also in one or both the other pumps. The 
trend shown at negative whirl ratios is almost 
parabolic like in the previous cases. The behavior at 
positive whirl ratios looks very influenced by the 
inducer dynamics and a maximum and minima are 
evident. The dimensionless parameters used for the 
VAMPDAP and the VAMPIRE are the same and so 
the forces magnitude can be easily compared. 
However, the forces for the cavitating conditions 
cannot be directly compared between the VAMPIRE 
and the VAMPDAP, because the tested cavitating 
conditions correspond to those tested for the inducer, 
given that it has not been possible to let the centrifugal 
pump cavitate with the inducer assembled upstream. 
The forces acting on the VAMPDAP are much higher 
than those experienced by the VAMPIRE. This is 
especially true for very negative whirl ratios, where the 
forces are even almost 4 times those recorded for the 
VAMPIRE. At positive whirl ratios, the forces acting on 
the VAMPDAP are still higher than on the VAMPIRE, 
but the difference is less evident. The behavior of the 
rotordynamic components is quite similar to that 
shown in the VAMPIRE at negative whirl ratios, but for 
positive whirl ratios the behavior seems to be more 
influenced by the inducer. 
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Fig. 6: Continuous and discrete tests: effect of the flow coefficient Φ on 𝐹𝑁
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Fig. 7: Continuous and discrete tests: effect of the flow coefficient Φ on 𝐹𝑁

∗ , 𝐹𝑇
∗, |𝐹𝑅

∗|, and 𝜙 at different cavitation 
numbers for VAMPIRE. 
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Fig. 8: Continuous and discrete tests: effect of the flow coefficient Φ on 𝐹𝑁

∗ , 𝐹𝑇
∗, |𝐹𝑅

∗|, and 𝜙 at different cavitation 
numbers for VAMPDAP. 

These similarities are visible in Fig. 9 and in Fig. 
10, where the rotordynamic force of the VAMPDAP 
and the DAPROT3 are plotted as a function of the flow 
coefficient at fixed whirl ratio. In Fig. 9, the 
rotordynamic forces are measured at the whirl ratio 
that corresponds to the minimum at the higher 𝜔/Ω of 
the spectrum of the rotordynamic force at design 

condition (0.5 for DAPROT3 and 0.4 for VAMPDAP). 
Fig. 10 refers to the whirl ratio that corresponds to the 
maximum of the rotordynamic force at 80% of the 
design flow coefficient (0.3 for both the DAPROT3 and 
the VAMPDAP). 
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Fig. 9:|𝐹𝑅

∗|, and 𝜙 together with the non-cavitating performance at 𝜔 𝛺⁄ = 0.5 for DAPROT3 (top) and 𝜔 𝛺⁄ = 0.4 
for VAMPDAP (bottom). 

 

 
Fig. 10: |𝐹𝑅

∗|, and 𝜙 together with the non-cavitating performance at 𝜔 𝛺⁄ = 0.3 for DAPROT3 and VAMPDAP. 
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In both the cases the rotordynamic force behaves 

in the same way (see red cycles). In correspondence 
of the minimum, the phase of the rotordynamic force, 
as function of the flow coefficient, drops from almost 
180° to almost 90°, thus revealing the zeroing of the 
normal component, whereas the tangential one is still 
destabilizing. However, in correspondence of the 
maximum, the phase shows an almost constant value 
about 180°. Hence, the normal component of the 
rotordynamic force is inward with a stabilizing effect 
on the whirl orbit.  

5. CONCLUSION 
The rotordynamic forces acting on a space 

turbopump composed by an axial inducer and a radial 
impeller have been measured at three different flow 
coefficients in cavitating and non-cavitating 
conditions. The same forces measured on each single 
component alone (such as the inducer and the 
impeller) have been used to better understand the 
contribution of each component on the overall 
behavior of the entire machine. 

In general, the rotordynamic forces on the overall 
machine are not the sum of the contributions of each 
component. 

In the investigated whirl ratio range (from -0.7 to 
0.7), the inducer typically presents two minima that 
correspond to a sudden change in the direction of the 
rotordynamic force. In terms of stability, the most 
dangerous zone is the region between these two 
minima (typically −0.2 < 𝜔/Ω < +0.5) because the 
tangential force is destabilizing. In fact, while the 
radial stiffness of the bearings can sustain the normal 
component, no mechanical stiffness counteracts the 
tangential one. 

The radial pump generally shows only one 
minimum (close to 𝜔/Ω = 0) that corresponds to the 
transition from a slightly destabilizing zone (only 𝐹𝑁 
unstable) to a highly destabilizing zone (𝐹𝑇 unstable). 

The dynamic of the overall machine is dominated 
by the behavior of the inducer since the two minima 
are still present. However, the actual values of the 
whirl ratio of the minima for the overall machine differ 
from the ones detected in the inducer alone. 

Therefore, as a general suggestion, if the 
turbopump comprises an inducer and an impeller, the 
experimental study of the rotordynamic forces on the 
overall machine is recommended because the 
investigation of the rotordynamic forces on the inducer 
alone can give only the general trend and not the 
actual values of the whirl ratio range that correspond 
to the most dangerous instability zone of the overall 
machine. 

Future activities will try to investigate the physical 
mechanism that produces the minimum in the 
rotordynamic force and the consequent sudden 
change in the direction of the force. 

 

6. NOMENCLATURE 
𝑨 rotordynamic matrix 

𝑐𝑎 axial length (fully-developed blade) 

𝑐𝑙 clearance 

𝐹 force 

𝑝1 pump inlet static pressure 

𝑝𝑣 vapor pressure of the working fluid 

𝑟𝑇2 outlet tip radius 

�̇� volumetric flowrate 

Δ𝑝𝑡 pump total pressure rise 

𝛼 incidence tip angle 

𝜀 eccentricity 

𝜙 phase angle of the force 

Φ flow coefficient 

Ψ head coefficient 

𝜎 cavitation number 

𝜎𝑇 tip solidity 

𝜌 density of the working fluid 

ω whirl speed 

Ω rotational speed 

Subscript 

𝐷 design 

𝑁 normal force, nominal 

𝑇 tangential force 

𝑅 rotordynamic force 

𝑥, 𝑦, 𝑧 relative frame (𝑧 is the rotating axis direction) 

𝑋, 𝑌, 𝑍 absolute frame 

0 steady force 

Superscript 

𝑞∗ normalized value of q 

�⃗� vector of q 

Acronyms 

NC non-cavitating 

SC slightly cavitating 

HC highly cavitating 
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